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ABSTRACT

The mechanistic/mammalian target of rapamycin (mTOR) is a conserved serine/threonine kinase that integrates cellular signals
from the nutrient and energy status to act, namely, on the protein synthesis machinery. While major advances have emerged
regarding the regulators and effects of the mTOR signaling pathway, little is known about the regulation of mTOR gene
expression. Here, we show that the human mTOR transcript can be translated in a cap-independent manner, and that its 5′′′′′

untranslated region (UTR) is a highly folded RNA scaffold capable of binding directly to the 40S ribosomal subunit. We further
demonstrate that mTOR is able to bypass the cap requirement for translation both in normal and hypoxic conditions.
Moreover, our data reveal that the cap-independent translation of mTOR is necessary for its ability to induce cell-cycle
progression into S phase. These results suggest a novel regulatory mechanism for mTOR gene expression that integrates the
global protein synthesis changes induced by translational inhibitory conditions.

Keywords: cap-independent translation; translational control; translation initiation; IRES; CITE; mechanistic target of rapamycin
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INTRODUCTION

The cellular environment is subject to continuous environ-
mental changes requiring prompt and accurate responses.
To this end, the regulation of mRNA translation allows rapid
changes in gene expression and occurs mainly at the level of
initiation (Jackson et al. 2010). During translation initiation,
the 40S ribosomal subunit binds to the eukaryotic initiation
factor (eIF) 1, 1A, 3, 5, and the eIF2-GTP-Met-tRNAi ternary
complex (TC) to form the 43S preinitiation complex (PIC).
Subsequently, the recruitment of the PIC to the 7-methylgua-
nosine cap 5′ end of the mRNA occurs via eIF4F, a complex
consisting of the cap-binding protein eIF4E, the RNA helicase
eIF4A, and the scaffold protein eIF4G. Upon loading onto the
mRNA, the PIC then scans the 5′ untranslated region (5′UTR)
in the 5′–3′ directionuntil a start codon, in a favorable context,
is found (Sonenberg and Hinnebusch 2009; Jackson et al.
2010). Both the formation and recycling ofTC, and the attach-
ment of the PIC to the mRNA, are important targets of trans-

lational control (Sonenberg and Hinnebusch 2009; Jackson
et al. 2010). Following a round of translation, a GDP–GTP ex-
change is necessary to recycle eIF2, and is accomplished
through the binding of the guanine nucleotide exchange fac-
tor eIF2B to the α subunit of eIF2. The phosphorylation of
eIF2αby stress-related kinases, such as thePKR-like endoplas-
mic reticulum kinase (PERK), increases the affinity of eIF2B
to eIF2α and the availability of free eIF2B, which is limiting
in the cell, decreases drastically (Pavitt 2005). Thus, eIF2 stays
in its inactive GDP-bound form, resulting ultimately in the
inhibition of translation initiation (Pavitt 2005). Such in-
hibition occurs during low oxygen availability, i.e., hypoxia
(Koumenis et al. 2002). Anothermajor target for translational
repression is the eIF4F complex, whose formation is compro-
mised by the competitive binding of the eIF4E-binding
proteins (4E-BPs) to the cap-binding protein eIF4E.
Hypophosphorylated 4E-BPs display high binding affinity to
eIF4E, preventing its binding to eIF4G and thereby impairing
eIF4F formation and translation initiation (Mader et al. 1995).

5These authors contributed equally to this work.
6Present address: Molecular and RNA Cancer Unit, Graduate School of

Medicine, Kyoto University, Yoshida-Konoe-cho, Sakyo-ku, Kyoto 606-
8501, Japan
Corresponding author: luisa.romao@insa.min-saude.pt
Article is online at http://www.rnajournal.org/cgi/doi/10.1261/rna.

063040.117.

© 2017 Marques-Ramos et al. This article is distributed exclusively by the
RNA Society for the first 12 months after the full-issue publication date (see
http://rnajournal.cshlp.org/site/misc/terms.xhtml). After 12 months, it is
available under a Creative Commons License (Attribution-NonCommercial
4.0 International), as described at http://creativecommons.org/licenses/
by-nc/4.0/.

1712 RNA 23:1712–1728; Published by Cold Spring Harbor Laboratory Press for the RNA Society

mailto:luisa.romao@insa.min-saude.pt
mailto:luisa.romao@insa.min-saude.pt
mailto:luisa.romao@insa.min-saude.pt
mailto:luisa.romao@insa.min-saude.pt
http://www.rnajournal.org/cgi/doi/10.1261/rna.063040.117
http://www.rnajournal.org/cgi/doi/10.1261/rna.063040.117
http://www.rnajournal.org/cgi/doi/10.1261/rna.063040.117
http://www.rnajournal.org/site/misc/terms.xhtml
http://rnajournal.cshlp.org/site/misc/terms.xhtml
http://rnajournal.cshlp.org/site/misc/terms.xhtml
http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/
http://www.rnajournal.org/site/misc/terms.xhtml


The mechanistic target of rapamycin (mTOR) can, however,
phosphorylate the 4E-BPs, relieving eIF4E from sequestration
and allowing eIF4F complex assembly. Therefore, treatment
with mTOR inhibitors can reduce mRNA translation
(Beretta et al. 1996; Brunn et al. 1997).
mTOR is a serine/threonine protein kinase of the phospha-

tidylinositol 3-kinase (PI3K)-related kinase family that inte-
grates signals from growth factor stimulation and hormone
receptor activation, aswell as fromcellular nutrient- and ener-
gy-status, regulating cell growth and metabolism (Laplante
and Sabatini 2012). mTOR is at the core of two complexes,
mTOR complex 1 (mTORC1) and mTORC2, which display
different functions according to distinct downstream targets
(Laplante and Sabatini 2012). mTORC1 is sensitive to amino
acid availability, growth factor stimulation, cellular oxygen lev-
els, energy status, genotoxic stress, and cytokines. Upon stim-
uli recognition, mTORC1 functions toward the induction of
anabolic processes, such as protein synthesis, lipid and nucle-
otide biogenesis, and suppression of catabolic processes, such
as autophagy and lysosomal biogenesis, ultimately resulting in
cell growth and proliferation (Laplante and Sabatini 2012).
The main downstream targets of mTORC1 are the 4E-BPs
and S6 kinases (S6Ks) (Hay and Sonenberg 2004; Laplante
and Sabatini 2012). mTORC1 signaling inhibition, with con-
comitant translational arrest, occurs under a myriad of stress
conditions, such as amino acid starvation, energy depletion,
and prolonged hypoxia (Laplante and Sabatini 2012; Kaur
and Sharma 2017). mTORC2 activity is modulated by growth
factors and is important for actin cytoskeleton organization,
protein synthesis, post-translational modifications, cell sur-
vival, migration, and metabolism (Oh and Jacinto 2011).
Following many different types of cell stress, global protein

synthesis is inhibited, allowing the maintenance of energetic
homeostasis and triggering a translational reprogramming
toward production of stress-effector proteins (Sonenberg
and Hinnebusch 2007). Indeed, repression of global protein
synthesis is often accompanied with selective translation of
mRNAs encoding proteins that are crucial for cell survival
and stress recovery (Holcik and Sonenberg 2005; Jackson
et al. 2010; Piccirillo et al. 2014). Synthesis of these stress-re-
sponsive proteins can occur via alternative mechanisms of
translation initiation that are evolutionarily conserved and
considerably impact translation in organisms as diverse as
yeast and humans. This translational reprogramming occurs
through mechanisms that can involve specific mRNA fea-
tures, for example, small structural elements that interact
with trans-acting factors, upstream open reading frames
(uORFs), or other cis-acting RNA regulons (Jackson et al.
2010; Barbosa and Romão 2014; Lacerda et al. 2017).
Furthermore, translational reprogramming occurs via a cap-
and/or scanning-independent mechanism of ribosomal re-
cruitment (Merrick 2004; Sonenberg and Hinnebusch 2007;
Martínez-Salas et al. 2012; Jackson 2013; Xue et al. 2015).
The alternatives of cap-dependent, scanning-free transla-
tion initiation include those taking place in mRNAs with ex-

tremely short 5′UTRs or with highly complex 5′UTRs that
promote ribosome shunting, as well as those that may occur
in transcripts with 5′UTRs that form highly stable structures
(Ben-Asouli et al. 2002; Kumari et al. 2007; Elfakess and
Dikstein 2008; Morley and Coldwell 2008; Elfakess et al.
2011; Dikstein 2012; Koh et al. 2013; Dai et al. 2015;
Haimov et al. 2015; Schofield et al. 2015; Lacerda et al.
2017). However, many growth factors, oncogenes, and pro-
teins involved in stress response and in the regulation of pro-
grammed cell death are encoded by mRNAs that present
alternatives to the cap-dependent mechanisms of translation
initiation to sustain protein synthesis under stress conditions
or disease (Beretta et al. 1996; Holcik and Sonenberg 2005;
Jackson et al. 2010; Liu and Qian 2014; Leprivier et al. 2015;
Lacerda et al. 2017; Sajjanar et al. 2017). The better-described
cap-independentmechanismof translation initiation involves
a direct recruitment of the 40S ribosomal subunit to a position
upstream of or directly at the initiation codon via a specific in-
ternal ribosome entry site (IRES) element (Martínez-Salas
et al. 2012; Jackson 2013). In some cellular mRNAs under
apoptosis conditions, a different cap-independent mecha-
nism was described, in which translation occurs by a 5′ end-
dependent scanningmechanism—the so-called cap-indepen-
dent translational enhancer (CITE)-mediated translation
(Shatsky et al. 2010; Andreev et al. 2012; Terenin et al.
2013).More recently, it was described thatmRNAs containing
N6-methyladenosine (m6A) in their 5′UTR can also be trans-
lated via a cap-independent mechanism (Zhou et al. 2016).
Although mTOR signaling pathways have been extensively

studied, the regulation of mTOR expression itself is not well
characterized. Knowing that the mTORC1 pathway is hyper-
active during mitosis despite decreased global protein synthe-
sis and reduced activity of mTORC1 upstream activators
(Ramirez-Valle et al. 2010), we asked how mTOR is transla-
tionally regulated both in normal and in stress conditions as-
sociated with a reduction of global protein synthesis. We
found that human mTOR transcript allows both cap-depen-
dent and eIF4E-independent translation, their ratio being
different under normal conditions or cellular stress. Further-
more, we observed that themTOR 5′UTR forms a highly fold-
ed RNA scaffold consisting of several stem–loops that binds to
the 40S ribosomal subunit with high affinity. Additionally, we
show that the cap-independent translation of mTOR ensures
that cells enter into the S phase of the cell cycle. Our data
demonstrate a novel regulatory mechanism of mTOR gene
expression and how it contributes in maintaining mTOR bi-
ological functions.

RESULTS

The 5′′′′′UTR of mTOR mRNA contributes to sustained
translation under global protein synthesis inhibition

mTOR is sensitive to different signals such as growth factors,
cellular oxygen levels, energy status, genotoxic stress, and
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cytokines (Huang and Fingar 2014). The effects on the acti-
vation status of mTOR signaling, particularly of mTORC1,
imposed by those conditions are well known (Ramirez-
Valle et al. 2010; Kato et al. 2011). In contrast, the regulation
of mTOR protein expression is poorly understood, and it is
not known whether modulation of mTOR signaling in re-
sponse to environmental cues also involves regulation of
mTOR protein expression itself. Previous studies have shown
that mTOR operates in conditions of global protein synthesis
shutdown (Wang et al. 1995), indicating that its synthesis
might also be maintained in conditions of global mRNA
translation inhibition. Given that the presence of regulatory
elements within the 5′UTR of transcripts can confer transla-
tional advantage in conditions of global protein synthesis in-
hibition driven by inactivation of the ternary and/or eIF4F
complexes (Martínez-Salas et al. 2012), we evaluated the
role of human mTOR 5′UTR in the regulation of mTOR
protein expression in conditions of disrupted eIF4E/eIF4G
interaction. For this purpose, HeLa cells were transiently
transfected with reporter constructs encoding the accessible
Flag-tagged rat mTOR ORF (gift of R. Schneider, New
York University School of Medicine, New York, NY), as it
has high homology with the human mTOR ORF, under the
control of either the human β-globin 5′UTR (HBB-5′UTR-
mTOR-Flag), which exclusively allows cap-mediated transla-
tion initiation (Lockard and Lane 1978), or the human
mTOR 5′UTR (mTOR-5′UTR-mTOR-Flag) (Fig. 1A). Cells
were treated with 250 µM 4EGI-1, a compound that blocks
the eIF4E/eIF4G interaction (Moerke et al. 2007), or
DMSO vehicle, during 24 h. To confirm the ability of
4EGI-1 to disrupt the eIF4E/eIF4G interaction, each pool
of lysates was immunoprecipitated using an anti-eIF4E anti-
body, and detection of eIF4E and eIF4G was performed by
Western blot (Fig. 1B; left panel). Our results demonstrate
that eIF4G is negligible in the immunoprecipitated lysates
of 4EGI-1 treated cells, indicating that the 4EGI-1 treatment
blocks eIF4E/eIF4G interaction.

It is known that 4EGI-1 treatment reduces mRNA transla-
tion of c-myc via eIF4E/eIF4G disruption, and induces apo-
ptosis (Moerke et al. 2007). Thus, to confirm eIF4E/eIF4G
disruption, we also evaluated the protein levels of c-myc by
Western blot, and of the full-length and cleaved forms of nu-
clear DNA repair enzyme poly(ADP-ribose) polymerase
(PARP) (Fig. 1B; right panel). 4EGI-1 treatment clearly in-
duced apoptosis and reduced c-myc protein levels, as expect-
ed (Moerke et al. 2007). Under these conditions, inspection
of ectopically expressed mTOR-Flag protein under the con-
trol of the mTOR 5′UTR revealed an increase from 53% to
95% relative to that without treatment (Fig. 1C, lane 4 versus
3). On the contrary, mTOR-Flag protein expression under
the control of the HBB 5′UTR decreases in cells treated
with 4EGI-1 drug, from 100% to 84% when compared to
that in untreated cells (Fig. 1C, lane 2 versus 1). The decrease
of ectopically expressed mTOR-Flag protein under the con-
trol of mTOR 5′UTR, relative to that under the control of

FIGURE 1. The 5′UTRofmTORmRNA contributes to sustained trans-
lation under global protein synthesis inhibition. (A) Representation of
HBB-5′UTR-mTOR-Flag andmTOR-5′UTR-mTOR-Flag plasmid con-
structs. The 5′UTRof human β-globin (HBB) (HBB5′UTR) orof human
mTOR (mTOR 5′UTR) was cloned upstream of the open reading frame
(ORF) of rat mTOR (NM_019906.1), which is fused, in the 3′ end, with
the Flag-tag encoding sequence. The transcriptional unit expressing
mTOR is under the control of a cytomegalovirus (CMV) promoter.
(B,C) mTOR protein levels are increased in conditions of disrupted
eIF4E/eIF4G interaction. HeLa cells were transfected with the HBB
5′UTR or mTOR 5′UTR plasmid constructs and treated, 2 h later, with
100 µM of 4EGI-1. After 16 h, cells were further treated with 150 µM
of 4EGI-1 for 8 h more. In parallel, a set of transfected HeLa cells was
treated with DMSO vehicle (−). (B) 4EGI-1 treatment disrupts eIF4E/
eIF4G interaction, induces apoptosis, and reduces c-myc protein levels.
(Left panel) Lysates from transfected and 4EGI-1-treated HeLa cells were
subjected to immunoprecipitation (IP) using an anti-eIF4E antibody
coupled to protein G-agarose beads. As a control, the eIF4E antibody
was omitted from a DMSO-treated lysate at lane 3 (mock). The immu-
noprecipitated and preimmunoprecipitated cell extracts were analyzed
by Western blot, in a 1.5:1 ratio, using antibodies anti-eIF4E and anti-
eIF4G. (Right panel) Western blot analysis of transfected and 4EGI-1-
treated HeLa cell extracts using antibodies anti-poly(ADP-ribose) poly-
merase (PARP) and anti-c-myc. The β-actin specific antibody controls
for protein loading. Increased PARP cleavage demonstrates apoptosis
stimulation. Densitometry measurement of c-myc protein is shown be-
low the autoradiographs (percentage relative to the respective control ve-
hicle condition, arbitrarily set to 100%). (C) 4EGI-1 treatment with
disrupted eIF4E/eIF4G interaction increases mTOR protein expression.
(Upper panel) Western blot analysis of transfected and 4EGI-1-treated
HeLa cell extracts using an anti-Flag antibody. The β-actin specific anti-
body controls for protein loading (shown is a representative autoradio-
graph of three independent experiments). (Lower panel) mTOR-Flag
protein levels were quantified by densitometry relatively to the β-actin
levels, and these valueswere plotted for each condition (average and stan-
dard deviations [SDs] of three independent experiments) normalized to
the HBB 5′UTR-Flag levels in the control vehicle condition, arbitrarily
set to 100%.
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theHBB 5′UTR, may reflect the lower efficiency of themTOR
5′UTR in mediating cap-dependent translation when com-
pared to the highly efficient human HBB 5′UTR (Shakin
and Liebhaber 1986; Groebe et al. 1992). Together, these ob-
servations suggest that mTOR protein expression is resistant
to perturbations of ternary and eIF4F complexes, and that the
mTOR 5′UTR is involved in this process.

The mTOR 5′′′′′UTR supports firefly luciferase activity
from a dicistronic plasmid with impaired translation
reinitiation

Given that our previous results (Fig. 1) show that mTOR
translation can occur independent of
eIF4F, we hypothesized that the mTOR
5′UTR might mediate cap-independent
translation initiation. Supporting this hy-
pothesis is the fact that the sequence of
the human mTOR 5′UTR has a high
GC content (74%) (Fig. 2A), which
could suggest the presence of strong sec-
ondary structure elements. In addition,
the alignment of human mTOR 5′UTR
with that of chimpanzee, dog, mouse,
chicken, and rat revealed relatively con-
served sequences, especially those in
close proximity to the AUG start codon
(Fig. 2A). This relative conservation of
the human mTOR 5′UTR indicates that
this sequence might have a regulatory
function. These observations together
with results shown in Figure 1, suggested
that mTOR 5′UTR might mediate cap-
independent translation initiation.
A common method to test for cap-in-

dependent translation initiation activity
of a given RNA sequence relies on dicis-
tronic reporter systems expressing
mRNAs in which the upstream cistron
is translated via the cap-dependentmech-
anism, whereas the downstream ORF is
only translated if preceded by a sequence
that allows internal translation initiation,
i.e., cap-independent translation initia-
tion (Van Eden 2004; Jackson 2013). In
this study, we used a dicistronic DNA re-
porter with the RLuc ORF as the first cis-
tron and the FLuc ORF as the second
cistron. In order to prevent translation
reinitiation, a stable hairpin (Candeias
et al. 2006) was inserted downstream
from RLuc (Fig. 2B). Previously de-
scribed data have demonstrated that this
hairpin efficiently inhibits ribosome
scanning (Candeias et al. 2006). The pos-

itive control was the EMCV IRES sequence (Jang et al. 1988).
Human mTOR 5′UTR and the aforementioned sequences
were cloned upstream of the FLuc cistron so that each native
initiation codon is replaced by the FLuc AUG start codon. The
resulting constructs were called pR_mTOR_F (mTOR),
pR_HBB_F (HBB), and pR_EMCV_F (EMCV). As a negative
control, an empty reporter plasmid (pR_F) was used contain-
ing a short linker sequence between the two luciferase cistrons
(Fig. 2B). Expression of each of the reporter genes was
assessed after transient cotransfection of these constructs
with the pSV-β-Galactosidase control vector (β-gal) into
HEK293T cells. To this end, cellular extracts were prepared
and assayed for luciferase and β-gal activities. FLuc and

FIGURE 2. (Legend on next page)
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RLuc activities of each construct were normalized to the activ-
ity of the β-gal. The subsequent FLuc to β-gal (FLuc/β-gal)
and RLuc to β-gal (RLuc/β-gal) ratios were compared to those
from the pR_EMCV_F construct (Fig. 2C), arbitrarily set to
100%. The insertion of mTOR 5′UTR in the dicistronic re-
porter significantly induces FLuc expression, representing
∼30% of that induced by EMCV IRES (Fig. 2C, left panel).
Several previous studies demonstrated that EMCV IRES is
active in HEK293T cells (Genolet et al. 2011; Chan et al.
2013). In contrast, HBB 5′UTR did not induce relative
FLuc activity, reflecting the expected absence of internal
translation initiation (Fig. 2C, left panel). It is important to
note that the RLuc expressed from the EMCV IRES-contain-
ing construct is significantly higher than that expressed from
the empty construct (Fig. 2C, right panel). Analogous obser-
vations were previously made in K562 cells, in which RLuc
activity from the pR_EMCV_F construct was about 1.6-fold
from that observed in the empty vector (Gerlitz et al. 2002).
In addition, induction of FLuc expression by mTOR
5′UTR was also observed in HCT116, A549, HeLa,
NCM460, and SW480 cell lines, which are derived from dif-
ferent tissues (Supplemental Fig. S1). Together, our results
show that mTOR 5′UTR allows produc-
tion of FLuc in a dicistronic plasmid
that impedes translation reinitiation,
strongly suggesting that this RNA frag-
ment can mediate cap-independent
translation initiation.

The mTOR minimal segment that
allows cap-independent translation
is evolutionarily conserved

To identify the minimum segment that
allows cap-independent translation, we
made a series of deletions within the 121
nucleotides (nt) of human mTOR
5′UTR cloned into the dicistronic DNA
reporter, as before (Fig. 2D). Expression
of each of the reporter genes (Fig. 2D;
left panel) was assessed after transient
transfection of these constructs into
HEK293T cells. The FLuc/RLuc ratios
were compared to those from the pR_F
construct (Fig. 2D), arbitrarily set to
1. We localized the minimum fragment
for cap-independent translation activity
to nt 92–121 (Fig. 2D, right panel); i.e.,
in the 3′ end of the mTOR 5′UTR.
Although this fragment does not fully re-
capitulate the cap-independent transla-
tion activity observed with full-length
mTOR 5′UTR, it has very strong activity
—approximately 70% of that from the
full-length mTOR 5′UTR—and its re-

moval abolishes cap-independent translation. Indeed, seg-
ments corresponding to nt 1–15, 1–26, or 1–68 do not show
significant cap-independent translation activity (Fig. 2D,
right panel). Of note, the segment containing nt 57–121 of
the mTOR 5′UTR shows important evolutionary conserva-
tion in all species analyzed (Fig. 2A). Together, these findings
support a regulatory function for the mTOR 5′UTR 3′ end
segment.

The mTOR 5′′′′′UTR-mediated FLuc activity is neither due
to abnormal splicing nor cryptic promoter activation

Cryptic promoter activity and/or abnormal splicing within
the 5′UTR can lead tomisinterpretation of bicistronic report-
er luciferase assays and generate a false-positive result if the
generated monocistronic and/or aberrant dicistronic RNAs
encode an enzymatically active FLuc (Van Eden 2004;
Jackson 2013). To test whether those events could account
for the observed induction of FLuc by mTOR 5′UTR, we
used a comprehensive set of approaches as reported before
(Van Eden 2004; Jackson 2013). First, we checked whether
the transfected pR_mTOR_F plasmid was transcribed into a

FIGURE 2. mTOR 5′UTR supports firefly luciferase (FLuc) activity in a dicistronic reporter
DNA construct with impaired reinitiation. (A) Alignment of mTOR 5′UTRs from different spe-
cies shows highly conserved sequences. Nucleotide sequence alignment of the human (Homo sa-
piens), chimpanzee (Pan troglodytes), dog (Canis lupus), mouse (Mus musculus), chicken (Gallus
gallus), and rat (Rattus norvegicus). Highly conserved nucleotides are shown in black boxes and
nonconserved sequences are shown in white boxes. For each 5′UTR, the length is indicated (in
nucleotides) on the right. (B) Representation of the dicistronic reporter pR_F, pR_HBB_F,
pR_mTOR_F, and pR_EMCV_F constructs. The 5′ untranslated regions (5′UTRs) of human
β-globin (HBB) or of humanmTORmRNAs, and the encephalomyocarditis virus (EMCV) inter-
nal ribosome entry site (IRES) element were cloned into the empty vector (pR_F), downstream
from the Renilla luciferase (RLuc) open reading frame (ORF) (RLuc box) and downstream from a
stable hairpin structure (represented as a stem–loop), but upstream of the firefly luciferase (FLuc)
ORF (FLuc box), to create the pR_HBB_F, pR_mTOR_F, and pR_EMCV_F constructs, respec-
tively. The dicistronic transcriptional units expressing RLuc and FLuc are under the control of the
SV40 promoter. (C) Induction of downstream reporter luciferase expression mediated by HBB,
mTOR, or EMCV segments, comparing to that from the EMCV IRES-containing construct, in
HEK293T cells. Cells were transiently cotransfected with the dicistronic plasmids depicted in B
and the pSV-β-Galactosidase control vector (β-gal). Luciferase and β-gal activities were measured
16 h post-transfection. The values (relative light units [RLU]) are shown as the FLuc (FLuc levels)
or RLuc (RLuc levels) luminescence percentage relative to the one obtained from the EMCV
IRES-containing construct, arbitrarily set to 100%. Histograms show mean ± SD from three in-
dependent experiments. Statistical analysis was performed using the Student’s t-test (unpaired,
two-tailed); (NS) nonsignificant; (∗) P < 0.05, (∗∗) P < 0.01, (∗∗∗) P < 0.001. (D) Deletional anal-
ysis ofmTOR 5′UTR reveals that the 3′ end is required for cap-independent translation initiation.
(Left panel) Schematic representation of plasmids used to identify the minimal sequence of
mTOR 5′UTR required for cap-independent translation activity. RLuc is the Renilla luciferase
cap-dependent translated cistron and FLuc the firefly cap-independent translated cistron. Black
boxes of different sizes represent the different lengths of the deletional sequences cloned upstream
of FLuc AUG. pR_F is the empty transcript; pR_mTOR_F, the full-lengthmTOR 5′UTR-contain-
ing transcript; pR_16-121_F, the mTOR 5′UTR nucleotides (nt) 16–121-containing plasmid;
pR_27-121_F, the mTOR 5′UTR nt 27–121-containing plasmid; pR_69-121_F, the mTOR
5′UTR nt 69–121-containing plasmid; pR_92-121_F, the mTOR 5′UTR nt 92–121-containing
plasmid; pR_1-15_F, the mTOR 5′UTR nt 1–15-containing plasmid; pR_1-26_F, the mTOR
5′UTR nt 1–26-containing plasmid; pR_1-68_F, the mTOR 5′UTR nt 1–68-containing plasmid.
All constructs contain a stable hairpin downstream from RLuc cistron to prevent translation rein-
itiation. On the right panel, the values are shown as the luminescence ratio, normalized to that of
the pR_F (empty vector), which was arbitrarily set to 1. Histogram shows mean ± SD from three
independent experiments. Statistical analysis was performed using the Student’s t-test (unpaired,
two-tailed); (∗∗∗) P < 0.001.
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full-length transcript. To this end, the integrity of the
R_mTOR_F transcript expressed in HEK293T cells was ana-
lyzed by RT-PCR (Supplemental Fig. S2A). As shown in
Supplemental Figure S2A, the full-length dicistronic
R_mTOR_F mRNA is produced and, by sequencing the cor-
responding PCR fragments, we confirmed that the expected
dicistronic R_mTOR_F mRNA is present. The same analysis
was performed in HeLa and A549 cells and similar results
were obtained (Supplemental Fig. S2A, lower panels). Then,
to further evaluate the possibility of cryptic splicing, a com-
puter-assisted analysis for the prediction of potential splice
sites was performed with the SpliceView (Rogozin and
Milanesi 1997) and NNSplice (Reese et al. 1997) programs.
This analysis revealed that mTOR 5′UTR does not contain
any potential splice acceptor site. To confirm the absence of
cryptic splicing in the R_mTOR_F mRNA, the previously
used constructs (shown in Fig. 2B) were modified to relocate
the hairpin upstreamof RLuc, generating the “hpR_x_F” sub-
set of constructs (hpR_F, hpR_HBB_F, hpR_mTOR_F, and
hpR_EMCV_F) (Fig. 3A). The luciferase activities from these
plasmids expressed inHEK293T cells were compared to those
obtained from the constructs in which the hairpin is located
downstream from RLuc (“pR_x_F”) (Fig. 3A; see also Fig.
2B). The RLuc and FLuc activities of each construct were nor-
malized to the activity units of β-gal, as before, and the subse-
quent FLuc/β-gal and RLuc/β-gal ratios were compared to
those of the pR_EMCV_F construct (Fig. 3B), arbitrarily set
to 100%. Introducing the hairpin upstream of RLuc decreases
its translation by about 60%–70% (Fig. 3B, right panel); in ad-
dition, the mTOR 5′UTR-driven FLuc activity remains unaf-
fected in those settings (Fig. 3B, left panel). Furthermore, as a
consequence of the hairpin-mediated inhibition of cap-de-
pendent translation, the EMCV IRES activity was enhanced
(Fig. 3B, left panel), as previously observed for the CDK1/
p34Cdc2 IRES (Marash et al. 2008). These results indicate
that FLuc activity induced by mTOR 5′UTR is not affected
when RLuc translation is inhibited, suggesting that both cis-
trons are intact in the same mRNA and, thus, FLuc activity
does not result from the expression of abnormally spliced
transcripts.
To unequivocally prove that both FLuc and RLuc are ex-

pressed from the same mRNA, and that no abnormal
mRNA species appear either due to a cryptic splicing event be-
tween a 5′-splicing site located within or upstream of RLuc
and the mTOR 5′UTR, or by cryptic promoter activity of
the sequence within the mTOR 5′UTR, siRNA-mediated
depletion of FLuc or RLuc was performed as previously sug-
gested (Van Eden 2004; Jackson 2013). To this end, FLuc or
RLuc siRNAs were cotransfected with pR_F, pR_HBB_F, or
pR_mTOR_F plasmids (Fig. 3C) into HEK293T cells. In par-
allel, siRNAs targeting the mRNA of the green fluorescent
protein (GFP) were used as a nonspecific control. The RLuc
and FLuc levels were normalized to protein content. The anal-
ysis revealed that RLuc siRNAs decrease both RLuc and FLuc
activities to background levels (Fig. 3D). Similarly, siRNA tar-

geting the FLuc cistron resulted in residual values of both
FLuc and RLuc in all the constructs (Fig. 3D). These data in-
dicate that pR_mTOR_F plasmid only expresses one species
of transcript, the proper full-length mRNA.
To extend these observations and further confirm that a

single dicistronic R_mTOR_F full-length mRNA is present
in our experimental conditions, we evaluated the expression
of the reporter genes in promoterless constructs. First, the
SV40 promoter and chimeric intron were removed from the
dicistronic DNA constructs pR_F and pR_mTOR_F (Fig.
3E), then their expressionwas analyzed following transfection
into HEK293T, HeLa, and A549 cells (Fig. 3F; Supplemental
Fig. S2B,C). The 5′UTRof the human gene encoding theDNA
mismatch repair MLH1 protein contains a cryptic promoter
(Ito et al. 1999; Arita et al. 2003) and was used as a positive
control for cryptic promoter activity. The RLuc/β-gal or
FLuc/β-gal ratios were compared to those from the empty
pR_F vector, arbitrarily set to 1. The removal of SV40 promot-
er significantly decreases RLuc activity from pR_F and pR_
mTOR_F constructs to background levels (Fig. 3F), as expect-
ed. Similarly, the FLuc activity from the pR_mTOR_F con-
struct was significantly reduced to levels that are not
different from the FLuc values obtained from the pR_F con-
struct (Fig. 3F). On the other hand, SV40 promoter removal
does not affect the high levels of FLuc activity expressed
from the dicistronic plasmid containing MLH1 5′UTR (Fig.
3F). In support of these observations, similar results were ob-
tained in HeLa and A549 cells (Supplemental Fig. S2B,C).
To eliminate any potential contribution from cryptic pro-

moters or splicing activation, cells can be transfected with re-
porter mRNA instead of plasmid DNA. Thus, to confirm that
mTOR 5′UTR-mediated FLuc activity is not a result of cryptic
promoters or splicing activation, and instead results from
cap-independent translation, cells were transfected with
m7GpppG-capped (m7G-capped; 5′G) or GpppA-capped
(A-capped; 5′A) monocistronic reporter mRNAs (Fig. 3G).
For this purpose, the different mRNAs were in vitro tran-
scribed from the T7 RNA polymerase promoter-containing
p_F, pHBB_F, pc-MYC_F, pEMCV_F, and pmTOR_F DNA
reporters, capped and polyadenylated. The mRNAs (Fig.
3G,G-capped: left panel; A-capped: right panel)were cotrans-
fected with the pSV-β-Galactosidase control vector into
HEK293T cells, and the reporter activity was measured 4 h
post-transfection in order to evaluate luciferase expression
within the linear phase of translation (Jackson 2013). FLuc ac-
tivity of each construct was normalized to the activity of the β-
gal. The subsequent FLuc activity from each one of the un-
capped (i.e., A-capped) transcripts was normalized to that
of the corresponding m7G-capped transcript (5′A/5′G) and
compared to that from the p_F construct (empty vector), ar-
bitrarily set to 1 (Fig. 3H). Results show that the presence of
the mTOR 5′UTR segment in the monocistronic uncapped
mRNA induces FLuc activity, at a level of about 15-fold of
that produced via the empty vector, being similar to that me-
diated by a positive control for cellular IRES activity—the
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FIGURE 3. mTOR 5′UTR induces firefly luciferase expression from a proper full-length mRNA transcribed from the transfected reporter plasmid
and from transfected reporter mRNAs. (A) Representation of the pR_x_F and hpR_x_F sets of constructs. A stable hairpin was cloned either down-
stream or upstream of the Renilla luciferase (RLuc) open reading frame (ORF), originating the pR_x_F (described in Fig. 2B) or the hpR_x_F subset of
constructs, respectively. The “x” represents a linker sequence (hpR_F or pR_F), the human β-globin 5′ untranslated region (HBB 5′UTR)
(hpR_HBB_F or pR_HBB_F), the human mTOR 5′UTR (hpR_mTOR_F or pR_mTOR_F), or the EMCV IRES (hpR_EMCV_F or
pR_EMCV_F), cloned upstream of the firefly luciferase (FLuc) ORF. (B) Reduction of RLuc by a stable hairpin does not change FLuc induction
bymTOR 5′UTR. HEK293T cells were transiently cotransfected with the dicistronic plasmids depicted in A and the pSV-β-Galactosidase control vec-
tor (β-gal). Luciferase and β-gal activities were measured 24 h post-transfection. The values (RLU) are shown as the RLuc (RLuc levels), or FLuc (FLuc
levels) luminescence percentage relative to that obtained from the pR_EMCV_F construct, arbitrarily set to 100%. Histograms showmean ± SD from
three independent experiments. Statistical analysis was performed using the Student’s t-test (unpaired, two-tailed); (NS) nonsignificant; (∗) P < 0.05;
(∗∗) P < 0.01; (∗∗∗) P < 0.001. (C) Representation of the pR_x_F constructs, in which “x” represents a linker sequence (pR_F), the human β-globin 5′
untranslated region (HBB 5′UTR) (pR_HBB_F), or the human mTOR 5′UTR (pR_mTOR_F), cloned upstream of the firefly luciferase (FLuc) ORF.
Positions of the short-interfering RNA (siRNA) oligonucleotides targeting RLuc or FLuc are represented below. HEK293T cells were cotransfected
with the constructs depicted in C and FLuc or RLuc siRNAs. Alternatively, an unspecific siRNA targeting the green fluorescent protein (GFP) was
used as a control. Luciferase activity and total protein content was measured 24 h post-transfection. (D) RLuc activity is decreased to residual values
by siRNA-mediated depletion of RLuc and FLuc, whereas FLuc activity is reduced to background levels by siRNA-mediated depletion of RLuc and to
residual values by siRNAs targeting FLuc. The luciferase values (RLU) are shown as the RLuc per µg of total protein (RLuc/µg) (RLuc levels), or FLuc
per µg of total protein (FLuc/µg) (FLuc levels), relative to that obtained in the pR_mTOR_F construct expressed in GFP siRNA-treated cells, arbitrarily
set to 100%. Histograms showmean ± SD from three independent experiments. Statistical analysis was performed using the Student’s t-test (unpaired,
two-tailed); (NS) nonsignificant. (E) Representation of the pR_x_F constructs, in which “x” represents a linker sequence (pR_F), the human mTOR
5′UTR (pR_mTOR_F), or the human MutL homolog 1 (MLH1) 5′UTR, cloned upstream of the FLuc ORF, in plasmids with or without SV40 pro-
moter.MLH1 5′UTR was used as a positive control for cryptic promoter activity. HEK293T cells were transiently cotransfected with each of the con-
structs described in E, along with the pSV-β-Galactosidase control vector (β-gal). Luciferase and β-gal activities were measured 24 h post-transfection.
(F) FLuc activity induced bymTOR 5′UTR is not a result of cryptic promoter activity. The values (RLU) are shown as the luminescence ratio between
RLuc and β-gal (RLuc/β-gal), or FLuc and β-gal (FLuc/β-gal), compared to the RLuc/β-gal ratio from the empty construct with promoter, arbitrarily
set to 1. Histogram shows mean ± SD from three independent experiments. Statistical analysis was performed using the Student’s t-test (unpaired,
two-tailed); (NS) nonsignificant, (∗∗∗) P < 0.001. (G) Schematic illustration of the in vitro transcribed, m7GpppG-capped (m7G-capped; 5′G) (left
panel) or GpppA-capped (A-capped; 5′A) (right panel), and polyadenylated monocistronic reporter constructs. (H) In vitro transcribed monocis-
tronic mRNAs containing mTOR 5′UTR undergo cap-independent translation after transient transfection. The 5′G-capped and 5′A-capped polya-
denylated monocistronic mRNAs were transiently transfected into HEK293T cells, along with the pSV-β-Galactosidase control vector (β-gal), and
FLuc and β-gal enzymatic activity were measured 4 h post-transfection. The values (RLU) are shown as the luminescence ratio between 5′A and
5′G, normalized to that of the F mRNA (empty vector), which was arbitrarily set to 1. Histogram shows means from three independent experiments.
Statistical analysis was performed using the Student’s t-test (unpaired, two-tailed); (∗) P < 0.05, (∗∗) P < 0.01.
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human c-myc IRES (Stoneley et al. 1998). These data show
that humanmTOR 5′UTR is able tomediate cap-independent
translation initiation. Overall, this comprehensive set of data
demonstrate that the pR_mTOR_F construct originates a
dicistronic mRNA, and that the induction of FLuc by
mTOR 5′UTR is a result of cap-independent translation
initiation.

The mTOR 5′′′′′UTR sequence adopts a highly folded
RNA scaffold in solution

Most cis-acting sequences involved in translational control
contain structured RNA domains that are critical for function
through their role in interacting with eIFs or the ribosome
(Filbin and Kieft 2009). Thus, to further characterize the
mTOR 5′UTR, we analyzed its RNA structure in solution us-
ing chemical and enzymatic probes. The structure was mod-
eled using nucleotide accessibility information yielded by
RNAse V1 reactivity, to detect double stranded regions, and
CMCT and DMS reactivity, to detect single stranded regions
(Fig. 4A; Supplemental Fig. S3). The data were then used as
constraints for “RNA mFold,” an RNA secondary structure
prediction software (Zuker 2003). The different models ob-
tained were evaluated for consistency with the V1, DMS,
and N-cyclohexyl-N′-[N-methylmorpholinoethyl]-carbodii-
mid-4-toluenesulfonate (CMCT)data and themodel that best
fits all the data is shown in Figure 4A. Overall, the model is in
excellent agreement with the reactivity data. Most V1 hits are
in the helical region,whileCMCTandDMShits are consistent
with either loop-exposed residues or noncanonical pairing.
The mTOR 5′UTR adopts a compact structure, which is

largely reflected by the formation of several stem–loops.
Three main domains can be identified, the first correspond-
ing to nucleotides 1–30, the second consists of nucleotides
33–42, and the third to 44–113 (Fig. 4A). The first part of
the structure is formed by domain I, which consists of one
stem–loop structure helix. This part of the structure provides
a potential platform for protein recruitment as domain I is
capped by a large loop consisting of 10 nt that are all highly
accessible as reflected by the reactivity to CMCT or DMS.
Domain II is a short stem–loop capped by a guanine-rich
G2UG3 hexaloop. Domain III consists of three subdomains
IIIa to IIIc. IIIa corresponds to the basal stem of this domain
which is then organized into two stem–loops: IIIb and IIIc.
The subdomain IIIb is capped by a GUGC tetraloop, while
domain IIIc is capped by a heptaloop. The 3′ end of the se-
quence is a single-stranded region, containing the AUG start
codon, which is thus accessible for recognition by the trans-
lational machinery.

mTOR 5′′′′′UTR directly binds to the 40S ribosomal
subunit

Given that several viral IRESs have the ability to bind directly
to the 40S subunit in the absence of any initiation factor, a

property common to HCV-like IRESs, dicistrovirus IRESs,
lentiviral IRESs, and the recently characterized vFLIP IRES
(Locker et al. 2011; Othman et al. 2014; Deforges et al.
2015), we assayed whether the 40S ribosomal subunit could
directly interact with the mTOR 5′UTR sequence, using the
CSFV IRES and the human HBB 5′UTR as positive and neg-
ative controls for IRES activity, respectively. Ribosomal sub-
units were purified from HeLa cells according to described
procedures and incubated with 32P-labeled mTOR or HBB
5′UTRs or CSFV IRES, before conducting filter-binding as-
says to analyze the affinity and specificity of putative interac-
tions (Othman et al. 2014). We determined that the mTOR
5′UTR binds the 40S subunit with an apparent equilibrium
dissociation constant (Kd) of 19.6 nM, while the CSFV

FIGURE 4. The mTOR 5′UTR folds in a compact RNA structure that
directly binds to the 40S ribosomal subunit. (A) mTOR 5′UTR adopts
a highly folded RNA scaffold in solution. The results of enzymatic prob-
ing of the mTOR 5′UTR sequence are schematically represented on the
proposed secondary structure model. Cleavages by RNase V1 are shown
in gray circles. Results of CMCT and dimethyl sulphate (DMS) modifi-
cations are indicated using black circles and diamonds, respectively. The
free energy of the proposed stem–loop structures at 37°C, in 1 M NaCl
were calculated with the MFold software (Huang and Fingar 2014). (B)
mTOR 5′UTR sequence directly binds to 40S subunits. Binding curves of
32P-labeled CSFV IRES,mTOR 5′UTR, andHBB 5′UTR control RNA to
purified human 40S subunits. Labeled RNAs were incubated with 40S
subunits and binding assessed by filter binding assay.
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IRES (as a control) bound with an affinity of 10.9 nM (Fig.
4B); as expected, the HBB 5′UTR did not bind. These results
further support the mTOR 5′UTR ability to function in me-
diating ribosomal recruitment and independent translation
initiation. In addition, it demonstrates that mTOR 5′UTR
shares with viral IRESs the ability to bind directly to the
40S ribosomal subunit with high affinity.

The mTOR protein level remains constant under
hypoxic conditions

The cellular response to hypoxia is characterized by HIF1α
stabilization that elicits a global reprogramming of gene ex-
pression (Wang et al. 1995; Koritzinsky et al. 2006). The in-
activation of eIF2 through eIF2α phosphorylation is one of
the mechanisms by which, during hypoxia, protein synthesis
is globally inhibited while a subset of mRNAs is preferentially
translated, namely those encoding proteins involved in the
hypoxic response (Koumenis et al. 2002; Pavitt 2005;
Koritzinsky et al. 2006). Since mTORC1 is involved in the
hypoxic response by regulating expression of HIF1α and
modulating its transcriptional activity (Hudson et al. 2002;
Bernardi et al. 2006; Land and Tee 2007), we hypothesized
that mTOR cap-independent translation might be also oper-
ating under hypoxia. To test this hypothesis, HEK293T cells
were transiently cotransfected with the dicistronic constructs
pR_F, pR_HBB_F, pR_mTOR_F, or pR_EMCV_F (Fig. 2B),
along with the pSV-β-Galactosidase control vector, and cells
were treated with 200 µM CoCl2 or H2O vehicle. In agree-
ment with previous studies (Reese et al. 1997; Koumenis
et al. 2002), CoCl2 treatment increases the protein levels of
the HIF1α subunit and phosphorylated eIF2α (P-eIF2α).
Nevertheless, mTOR levels remain constant, while total
eIF2α decreases. Of note, α-tubulin levels remarkably
decrease after 24 h of hypoxia (Fig. 5A), showing that cap-de-
pendent translation is inhibited.

The mTOR cap-independent translation and EMCV IRES
activity were also evaluated under these conditions. Our re-
sults demonstrate that following CoCl2-induced hypoxia,
the mTOR cap-independent translation is slightly activated
compared to control (Fig. 5B; left panel). The activity of
EMCV IRES is unaffected (Fig. 5B; right panel), in agreement
with a previous study demonstrating that EMCV IRES re-
mains unchanged upon CoCl2-induced hypoxia (Morfoisse
et al. 2014). Together, these data demonstrate that during
hypoxia, marked with cap-dependent translation inhibition
through inactivation of eIF2, the total translation activity of
mTOR remains unaffected, accompanying the sustained lev-
els of endogenous mTOR protein.

Cap-independent translation of mTOR is necessary for
its ability to induce cell-cycle progression into S phase

In favorable energetic and nutritional conditions, mTOR sig-
naling induces cell growth and cell-cycle progression, both in

yeast and mammals (Vilella-Bach et al. 1999; Schmelzle and
Hall 2000; Fingar and Blenis 2004; Fingar et al. 2004).
Therefore, we examined whether cap-independent synthesis
of mTOR contributes to its ability to induce cell-cycle pro-
gression to S phase. To this end, A549 cells were transfected
with theHBB-5′UTR-mTOR-Flag or mTOR-5′UTR-mTOR-
Flag construct (Fig. 6A) for 2 d. After 30 h of serum starva-
tion, to arrest cells in G0, serum was reintroduced for 18 h
and 250 µM 4EGI-1, or DMSO was added for 12 h, before
performing a cell-cycle analysis using fluorescence-activated
cell sorting (FACS). A subset of mock-transfected A549 cells
were treated in parallel. The population of cells at the S phase
of the cell cycle was analyzed by FACS and is represented as
the percentage change after 4EGI-1 treatment (Fig. 6B).
Results revealed that 4EGI-1 treatment reduces by 10% the
cell population at S phase (Fig. 6B), which is in accordance
with the cellular need of protein synthesis maintenance for

FIGURE 5. mTOR cap-independent translation occurs in conditions of
hypoxia. HEK293T cells were transiently cotransfected with the dicis-
tronic pR_F, pR_HBB_F, pR_mTOR_F, or pR_EMCV_F constructs
(Fig. 2B), along with the pSV-β-Galactosidase control vector (β-gal),
and treated 17 h later with 200 µM CoCl2 for 24 h. (A) Cap-dependent
translation is reduced after 200 µM CoCl2 treatment. Western blot anal-
ysis of transfected HEK293T cell extracts treated with 200 µM CoCl2 or
vehicle (H2O), using antibodies against HIF1α, total and phosphorylat-
ed eIF2α (P-eIF2α). CoCl2 treatment increases HIF1α and eIF2α phos-
phorylation and decreases levels of α-tubulin and total eIF2α. eIF2α
phosphorylation is demonstrated by increased P-eIF2α/eIF2α total ra-
tio. Induction of hypoxia increases levels of mTOR protein relative to
those of α-tubulin. Values are the mean ± SD from two independent ex-
periments. (B) mTOR cap-independent translation activity slightly in-
creases after CoCl2-induced hypoxia. FLuc activities were measured in
extracts from HEK293T treated with 200 µM CoCl2. The values
(RLU) were normalized to total protein content and are shown as the
luminescence percentage (%) relative to the FLuc activities obtained
from the pR_mTOR_F (left panel) or pR_EMCV_F (right panel)
H2O-control samples, arbitrarily set to 100%. Histograms show mean
± SD from three independent experiments. Statistical analysis was per-
formed using Student’s t-test (unpaired, two-tailed); (NS) nonsignifi-
cant; (∗∗∗) P < 0.001.
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FIGURE 6. mTOR protein induces cell-cycle progression, when its mRNA its translated through cap-independent translation. (A) Representation of
HBB-5′UTR-mTOR-Flag and mTOR-5′UTR-mTOR-Flag plasmid constructs. The 5′UTR of human β-globin (HBB) (5′UTR HBB), or of human
mTOR (5′UTR-mTOR), was cloned upstream of the ORF of rat mTOR, which is fused, in the 3′ end, with the Flag-tag encoding sequence. The tran-
scriptional unit expressing mTOR is under the control of CMV promoter. (B–I) Cap-independent translation of mTOR is necessary for its ability to
induce cell-cycle progression into S phase. A549 cells were transfected with the HBB 5′UTR or mTOR 5′UTR plasmid constructs and serum deprived
for 30 h. Serum was reintroduced and, 4–6 h later, cells were treated with 250 µM 4EGI-1, or DMSO-vehicle for 12 h, or as indicated. In parallel, a
subset of control vector-transfected A549 cells was treated similarly. (B) Fluorescence-activated cell sorting (FACS) analyses of 4EGI-1-treated and
transfected A549 cells. The y-axis shows the percentage of cells that entered (if positive) or left (if negative) S phase of the cell cycle after treatment
with 4EGI-1. Histogram shows mean ± SD from three independent experiments. Statistical analysis was performed using Student’s t-test (unpaired,
two-tailed); (NS) nonsignificant; (∗∗) P < 0.01 (see also Supplemental Fig. S4). (C) Representation of fucci constructs: mKO2-hCdt1 encodes a mo-
nomeric version of Kusabira Orange fluorescent protein gene fused to codons 30–120 of human cdt1, and mAG-hGeminin encodes a monomeric
version of Azami Green fluorescent protein gene fused to codons 1–110 of human geminin (Genolet et al. 2011). (D) Representation of the expression
of fucci constructs during the different phases of the cell cycle: mKO2-hCdt1 protein is degraded by the SCFSkp2 complex at the onset of S phase and
thus is only expressed during G0/G1 phase, and mAG-hGeminin protein is degraded by the APCCdh1 complex during late mitosis and G1 and thus is
only expressed during S/G2/M phase. (E–G) A549 cells stably expressing the fucci constructs were treated and transfected as described above, and
mKO2-hCdt1 and mAG-hGeminin expression were followed in single cells for 42 h from the moment 4EGI-1 or DMSO was added, using comput-
er-assisted incubator fluorescence microscopy. The radius-axis indicates time after 4EGI-1/DMSO addition (for Restoration conditions this corre-
sponds to 4 h after serum reintroduction) and is presented in hours. The angle-axis indicates the percentage of cells in S/G2/M phase. At least 100
cells were analyzed for each condition and the experiment was repeated three times. Shown are representative data. (H) Cell growth analyses of
4EGI-1-treated and transfected A549 cells. The y-axis shows the percentage increase (if positive) or decrease (if negative) of the total number of cells
42 h after treatment with 4EGI-1. Histogram shows mean ± SD from three independent experiments. Statistical analysis was performed using
Student’s t-test (unpaired, two-tailed); (NS) nonsignificant; (∗∗∗) P < 0.001. (I) Western blot analysis of transfected and 4EGI-1-treated A549 cell
extracts using anti-mTOR antibody. The α-tubulin-specific antibody controls for protein loading. Densitometry measurement of mTOR protein
is shown below the autoradiographs (percentage relative to the HBB 5′UTR levels in the control vehicle condition, arbitrarily set to 100%).
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entry into the S phase (Schmelzle and Hall 2000). The same
result was observed when mTOR was expressed under the
control of the HBB 5′UTR (Fig. 6B; Supplemental Fig. S4).
On the other hand, the presence of the mTOR 5′UTR forces
cells to enter into S phase (Fig. 6B; Supplemental Fig. S4),
which is accompanied by mTOR protein accumulation fol-
lowing 4EGI-1 treatment (Fig. 1C, lane 4 versus 3). Indeed,
expression of mTOR from the mTOR 5′UTR construct over-
comes cell-cycle arrest and induces a 10% increase in the
number of cells in S phase following serum starvation release
(Fig. 6B; Supplemental Fig. S4). These data support our hy-
pothesis that the mTOR protein levels sustained by cap-inde-
pendent translation of themTOR transcript are necessary for
its ability to assure cell-cycle progression into the S phase. We
further validated our model by performing single-cell analy-
ses of cell-cycle progression. For that, we used the fucci sys-
tem where A549 cells stably expressing mKO2-hCdt1 and
mAG-hGeminin (Fig. 6C; Sakaue-Sawano et al. 2008) were
treated as in 6B and observed using computer-assisted incu-
bator fluorescence microscopy (Olympus LCV100) for 42 h
after addition of 4EGI-1 or DMSO. mKO2-hCdt1 and
mAG-hGeminin constructs express orange (mKO2) and
green (mAG) fluorescent proteins exclusively during G0/G1

and S/G2/M phase, respectively (Fig. 6D; Sakaue-Sawano
et al. 2008). Cells that were cultured with serum maintained
a constant division rate, as indicated in Figure 6E, by a S/G2/
M percentage often between 40% and 50%. On the other
hand, only 10%–20% of the cells that were deprived of serum
were found in the S/G2/M phase, in line with our results from
the FACS experiments (Supplemental Fig. S4, right panels).
Cells to which serum was restored 4 h before imaging showed
a complete resumption of cell-cycle division 28 h after imag-
ing started (Fig. 6E, gray line). This recovery was slower and
incomplete in the presence of the eIF4E/eIF4G interaction in-
hibitor 4EGI-1, which abrogates cap-dependent translation
(Fig. 6F). Under these conditions, mTOR expressed from
the construct with the HBB 5′UTR weakly induced entry
into S/G2/M phase in the late 40 h after imaging was initiated,
when compared to empty vector condition (Fig. 6G, gray
line). In contrast, mTOR expressed from the construct with
the mTOR 5′UTR resulted in 60% of cells in S/G2/M phase
just 1 d following serum restoration, even in the presence
of 4EGI-1 (Fig. 6G). This was accompanied by a 30% increase
in cell number from the start until the end of the imaging pe-
riod, against a decrease of 20% for HBB 5′UTR-transfected
cells (Fig. 6H). Western blots executed in parallel 12 h after
4EGI-1 treatment (corresponding to 12 h in the graph in
Fig. 6G) already showed an induction of mTOR-5′UTR-
mTOR by 4EGI-1, while HBB-5′UTR-mTOR is reduced by
the same treatment; after 24 h treatment, mTOR-5′UTR-
mTOR levels were higher than HBB-5′UTR-mTOR levels,
explaining the differences in cell-cycle progression (cf. Fig.
6I, lanes 1–4, with Fig. 1C, lanes 2,4, and with Fig. 6B and
6G). As expected, endogenous mTOR levels were also in-
duced by 4EGI-1 because in this case its 5′UTR is also present

(Fig. 6I, lanes 5 and 6). All together, these results convincing-
ly show that the cap-independent translation ofmTOR is cru-
cial for mTOR expression and function, leading to cell-cycle
progression under conditions when the general translation
initiation machinery is still shut down.

DISCUSSION

mTOR protein kinase is a central signaling node that re-
sponds to an array of signaling inputs to activate several
downstream effector pathways. mTOR is the catalytic subunit
of two complexes, mTORC1 and mTORC2, which regulate
cell growth, cell-cycle progression, autophagy, metabolism,
and protein synthesis, acting as a master switch between an-
abolic and catabolic processes (Laplante and Sabatini 2012).
The regulation and function of mTORC1 and mTORC2 sig-
naling have been the subject of extensive studies; however, lit-
tle is known about mTOR protein expression regulation
itself. To cope with stress conditions, cells can reduce their
energy consumption by inhibiting global mRNA translation,
directing efforts toward the synthesis of stress-effector pro-
teins, and this can be achieved by inactivating mTORC1 sig-
nals. The reversibility of this inactivation is demonstrated by
the fact that amino acid replenishment restores S6K activity
of amino acid-starved cells (Weingarten-Gabbay et al.
2016). Thus, it is expected that mTOR protein expression it-
self is not critically reduced by global translational inhibitory
conditions to allow cells to bypass adverse conditions and ef-
ficiently restore their translational ability by reactivating
mTORC1 signaling. Furthermore, mTORC1 can also operate
during cellular conditions that reduce mRNA translation by
other means, such as in mitosis (Ramirez-Valle et al. 2010).
Of note, in these conditions mTOR protein levels remain
constant despite the accentuated decrease in the overall pro-
tein synthesis rate (Ramirez-Valle et al. 2010). The present
work demonstrates that the human mTOR transcript allows
both canonical and cap-independent translation, their ratio
being different under normal conditions or cellular stress.
The existence of mTOR cap-independent translation is

supported by the fact that it induces FLuc activity from a
bicistronic pR/F reporter construct expressed in HEK293T,
HCT116, A549, HeLa, NCM460, and SW480 cell lines
(Fig. 2; Supplemental Fig. S1). The observation that a single
and intact dicistronic mRNA is produced from the
pR_mTOR_F construct (Fig. 3; Supplemental Fig. S2), ob-
tained through several of the accepted tests for discarding
false-positive results (Van Eden 2004; Jackson 2013), in addi-
tion to the findings that mTOR 5′UTR induces FLuc expres-
sion from a monocistronic A-capped 5′A_mTOR_F mRNA
(Figs. 3H, 5D), clearly demonstrates that mTOR 5′UTR me-
diates cap-independent translation. Moreover, we demon-
strate that human mTOR 5′UTR induces the homologous
rat mTOR expression from a monocistronic construct
when mRNA translation is reduced (Figs. 1C, 6I), which
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further corroborates the conclusion that the human mTOR
5′UTR can mediate cap-independent translation initiation.
While the structure of viral IRESs has long been a subject

of studies, less is known about the RNA secondary structure
of cellular cis-acting elements mediating cap-independent
translation. Viral IRES have the ability to fold into complex
RNA structures that mediate the recruitment of the ribosome
and initiation factors (Kieft 2008). Some of the identified cel-
lular IRESs, however, can adopt more loose structures such as
the APAF IRES (Mitchell et al. 2003; Weingarten-Gabbay
et al. 2016). Here, we established a model for the mTOR
5′UTR secondary structure using chemical and enzymatic
probes (Fig. 4A; Supplemental Fig. S3). The probing of the
RNA in solution revealed a complex secondary structure
that is one of the characteristics of many IRESs. The mTOR
5′UTR structure scaffold is separated into three domains,
consisting of domain I, domain II, and domains IIIa to
IIIc, respectively (Fig. 4A). The identification of this RNA
scaffold strongly suggests that elements of the modular struc-
tures might be involved in direct interaction with the ribo-
some, initiation factors, or other trans-acting factors to
mediate cap-independent translation initiation. Of note,
domain III encompasses the highly conserved sequences of
mTOR 5′UTR (Figs. 2A, 4A) and confers 70% of the full
5′UTR activity (Fig. 2D), while domains I and II alone do
not show significant cap-independent activity (Fig. 2D).
These results indicate that domain III may play a fundamen-
tal role in attracting the translational machinery. Further sup-
port to the hypothesis of the involvement of specific motifs of
mTOR 5′UTR in the direct recruitment of the translational
machinery is reflected by the ability of this sequence to
directly interact with the 40S ribosomal subunit (Fig. 4B).
Based on these results we can assume that mTOR 5′UTR
functions as a cellular IRES, directly binding to the 40S ribo-
somal subunit, a property that is common to several viral
IRESs (Deforges et al. 2015). A cellular IRES that directly in-
teracts with the 40S ribosomal subunit is the c-Src IRES, an
IRES that functions analogously to HCV-like IRESs (Allam
and Ali 2010). However, we cannot exclude the possibility
thatmTOR 5′UTRmediates cap-independent translation ini-
tiation through a different mechanism, for example, through
a cap-independent translational enhancer (Andreev et al.
2012; Zhou et al. 2016). In addition, our data indicate that
mTOR cap-independent translation initiation occurs when
eIF2 is inactivated, as increased eIF2α phosphorylation does
not abolish mTOR cap-independent translation following
CoCl2-induced hypoxia (Fig. 5). This suggests that mTOR
cap-independent translation initiation may not involve eIF2
to deliver tRNAi

Met under stress conditions. Some IRESs,
such as HCV-like IRESs, rely on eIF2 in normal conditions,
but use alternative factors to deliver tRNAi

Met in an eIF2-in-
dependent manner under stress conditions (Pestova et al.
2008; Terenin et al. 2008; Dmitriev et al. 2010; Skabkin
et al. 2010). Additional studies should therefore aim at char-
acterizing the structure–function relationship of the mTOR

5′UTR and the role of particular domains in interacting
with the cellular translational machinery to mediate cap-in-
dependent translation initiation.
mTOR signaling potentiatesHIF1αmRNA translation and

modulates HIF1α-dependent transcriptional induction
(Hudson et al. 2002; Bernardi et al. 2006; Land and Tee 2007).
Furthermore, it has been suggested that severe exposure to
hypoxia is characterized by a biphasic inhibition of mRNA
translation in which the first phase (acute response) of inhibi-
tion is achieved by PERK-eIF2α phosphorylation activation,
which then switches tomTORC1- and 4ET-mediated protein
synthesis reduction (Koritzinsky et al. 2006). Therefore, it is
tempting to speculate that maintenance of mTOR protein
levels through cap-independent translation is a cellular re-
sponse to maintain mTORC1 functional in the acute phase
of hypoxia by creating a positive feedback loop in which hyp-
oxia-induced eIF2α phosphorylation allows cap-independent
synthesis of mTOR, which in turn aids HIF1α stabilization.
Our data strongly suggest that themTOR cap-independent

translation is determinant for the function of this kinase, as it
ensures that cells enter into the S phase of the cell cycle (Fig.
6). These data also point out a “deleterious effect” of activa-
tion of themTOR cap-independent translation, as an arrest in
the G1 phase is beneficial when protein synthesis is reduced
(Pardee 1989). Further studies will be performed in order to
better understand how mTOR protein levels are regulated in
the cell and how these mechanisms impact human health and
disease.

MATERIALS AND METHODS

Plasmid constructs

The dicistronic vector carrying Renilla luciferase (RLuc) and firefly
luciferase (FLuc) open reading frames (ORFs) was based on the
psiRF vector (Tahiri-Alaoui et al. 2009). A splice donor site within
RLuc ORF was changed by site-directed mutagenesis, using primers
#1 and #2 (Supplemental Table S1). The resulting construct was
named psimutRF. In order to prevent translation reinitiation, a se-
quence of a stable hairpin was PCR amplified with primers #3 and
#4 (Supplemental Table S1) from plasmid p53 “A” (Candeias et al.
2006), digested with XhoI and cloned into psimutRF. The resulting
construct was named pR_F. Human β-globin (NM_000518; HBB)
and mTOR (NM_004958.3; uc001asd.3) 5′UTRs were PCR ampli-
fied, using primers #5–#6 and #7–#8, respectively (Supplemental
Table S1). In parallel, a fragment from the pR_F vector was ampli-
fied with primers #9–#11 and #10–#11 forHBB andmTOR 5′UTRs,
respectively. The respective fragments were subjected to SOEing
PCR (Horton et al. 1989) with primers #5–#11 and #7–#11 for
HBB and mTOR 5′UTRs, respectively (Supplemental Table S1).
The resultant PCR products were digested with XmaI/BsrGI or
NotI/BsrGI, for HBB and mTOR 5′UTRs, respectively, and cloned
into pR_F, generating pR_HBB_F and pR_mTOR_F constructs, re-
spectively. The same strategy was used for cloning MutL homolog 1
(MLH1; NM_000249.3) 5′UTR, but with primers #12–#15
(Supplemental Table S1) and the enzymes XmaI/BsrGI; the

Cap-independent translation of mTOR mRNA

www.rnajournal.org 1723

http://www.rnajournal.org/lookup/suppl/doi:10.1261/rna.063040.117/-/DC1
http://www.rnajournal.org/lookup/suppl/doi:10.1261/rna.063040.117/-/DC1
http://www.rnajournal.org/lookup/suppl/doi:10.1261/rna.063040.117/-/DC1
http://www.rnajournal.org/lookup/suppl/doi:10.1261/rna.063040.117/-/DC1
http://www.rnajournal.org/lookup/suppl/doi:10.1261/rna.063040.117/-/DC1
http://www.rnajournal.org/lookup/suppl/doi:10.1261/rna.063040.117/-/DC1
http://www.rnajournal.org/lookup/suppl/doi:10.1261/rna.063040.117/-/DC1


resulting construct was called pR_MLH1_F. The mTOR 5′UTR
deletional reporter constructs—pR_16-121_F: the mTOR 5′UTR
nucleotides (nt) 16–121-containing plasmid; pR_27-121_F; the
mTOR 5′UTR nt 27–121-containing plasmid; pR_69-121_F: the
mTOR 5′UTR nt 69–121-containing plasmid; pR_92-121_F:
the mTOR 5′UTR nt 92–121-containing plasmid; pR_1-15_F: the
mTOR 5′UTR nt 1–15-containing plasmid; pR_1-26_F:
the mTOR 5′UTR nt 1–26-containing plasmid; pR_1-68_F: the
mTOR 5′UTR nt 1–68-containing plasmid—were obtained by
SOEing PCR, using the mTOR 5′UTR as template and primers
from #16 to #30 (Supplemental Table S1), and cloned into the
pR_F dicistronic plasmid using XmaI and BsrGI restriction en-
zymes. The encephalomyocarditis virus (EMCV) IRES sequence
was PCR amplified from the EMCV-IRES-Ova plasmid (Apcher
et al. 2009), using primers #31–#32 (Supplemental Table S1). In
parallel, psimutR_F vector was amplified with primers #31–#15
(Supplemental Table S1). SOEing PCR was performed with the re-
sulting PCR products using primers #31–#15 (Supplemental Table
S1). The generated fragment was digested with EcoRI/AccI and
cloned into psimutR_F, creating the psimutR_EMCV_F plasmid.
To generate pR_EMCV1_F, the previous plasmid was digested
with XmaI/BsrGI and cloned into the pR_F vector. To remove
one adenine from a loop located at the intersection of stem J with
K of EMCV IRES (Bochkov and Palmenberg 2006) and to correct
the Kozak context, site-directed mutagenesis was performed, using
primers #34–#35 and #36–#37, respectively (Supplemental Table
S1). The originated construct was named pR_EMCV_F.

To generate the promoterless constructs and remove the SV40
promoter and the chimeric intron, pR_F was digested with NheI/
BglII, blunt-ended with the Quick Blunting Kit (New England
Biolabs) and religated, originating the promoterless_pR_F plasmid.
pR_mTOR_F and pR_MLH1_F plasmids were digested with
EcoRV/BsrGI and the resulting fragments were cloned into
promoterless_pR_F, originating the promoterless_pR_mTOR_F
and promoterless_pR_MLH1_F, respectively.

To generate the hpR_x_F subset of constructs, a stable hairpin
was PCR amplified with primers #38 and #39 (Supplemental
Table S1) from plasmid P53 “C” (Candeias et al. 2006) and cloned
into pCR@2.1 TOPO (Life Technologies), generating the
hp_TOPO_I construct. The hp_TOPO_I construct was digested
with AgeI/HindII and the originated overhangs were filled in using
the Quick Blunting Kit (New England Biolabs), originating the
hp_TOPO_II construct. The hp_TOPO_II construct was subse-
quently digested with NheI and the resulting fragment was cloned
into the same site of the psimutRF vector. The resulting construct
was named hpR_F, in which the hairpin is located at 300 base pairs
downstream from the transcription initiation site. The pR_HBB_F
and pR_EMCV_F vectors were digested with XmaI/BsrGI, and
the resulting fragment containing the HBB 5′UTR or the EMCV
IRES was cloned into the same site of the hpR_F vector, originating
the hpR_HBB_F and hpR_EMCV_F constructs, respectively.
Similarly, the pR_mTOR_F vector was digested with NotI/BsrGI
and the resulting fragment containing the mTOR 5′UTR was cloned
into the hpR_F vector, previously digested with the same enzymes,
originating the hpR_mTOR_F construct.

To obtain the monocistronic reporter constructs, the RLuc ORF
sequence was removed from pR_F by SOEing PCR using primers
#40–#45 (Supplemental Table S1). PCR product and pR_F were
then digested with NheI/BsrGI and the resulting vector and insert
were ligated; the resulting construct was called p_F. The 5′UTR of

HBB and mTOR, as well as the IRES sequence of c-MYC and
EMCV, were cloned using the same restriction enzymes used for
the dicistronic constructs explained above, generating the constructs
pHBB_F, pmTOR_F, pcMYC_F, and pEMCV_F, respectively.

To generate the Flag-taggedmonocistronic constructs, the human
mTOR (NM_004958.3) andHBB 5′UTRswere PCR amplified, using
primers #46–#47 and #48–#49, respectively (Supplemental Table
S1). In parallel, a fragment from rat Myc-mTOR vector (Ramirez-
Valle et al. 2010), encoding the rat mTOR protein (NM_019906.1),
was amplified with primers #50–#51 and #52–#51 for mTOR and
HBB 5′UTRs, respectively (Supplemental Table S1). The respective
fragments were subjected to SOEing PCR with primers #46–#51
and #48–#51 for mTOR and HBB 5′UTRs, respectively
(Supplemental Table S1). The resulting PCR products were digested
with ClaI/EcoRI, and cloned into the rat Myc-mTOR vector, gener-
ating the mTOR 5′UTR_RatmTOR and HBB 5′UTR_RatmTOR
constructs, respectively. To introduce the sequence encoding the
Flag-tag, the 3′ part of the rat Myc-mTOR ORF was PCR amplified
using primers #53–#54 (primer #54 contains the sequence encoding
the Flag-tag) (Supplemental Table S1). The resultant fragment was
digested with BstEII/XbaI and cloned into the same site of the
mTOR5′UTR_RatmTORandHBB 5′UTR_RatmTORplasmid con-
structs, originating the mTOR-5′UTR-mTOR-Flag and HBB-
5′UTR-mTOR-Flag constructs, respectively.

Cell culture, drug treatments, and plasmid/siRNA
transfection

HEK293T, HeLa, A549, HCT116, and SW480 cells were cultured in
Dulbecco’s modified Eagle’s medium while NCM460 cells were cul-
tured in Roswell Park Memorial Institute 1640 medium, both sup-
plemented with 10% (v/v) fetal bovine serum. Cells were kept at
37°C in a humidified atmosphere containing 5% CO2. Transient
transfection was performed using Lipofectamine 2000 (Invitrogen),
according tomanufacturer’s instructions, in 35-mmplates, and then
harvested after the appropriate times. To assay FLuc and RLuc activ-
ities, cells were transfected with 200 ng (HEK293T), 500 ng (A549),
1 µg (SW480), 2 µg (HeLa and NCM460), or 2.5 µg (HCT116) of
each dicistronic plasmid. When necessary, HEK293T, HeLa and
A549 cells were cotransfected with the following amounts of pSV-
β-Galactosidase control vector (Promega) (β-gal): 200 ng for
HEK293T cells, 1 µg for HeLa and A549 cells. For 4EGI-1 and rapa-
mycin treatment, 4 h post-transfection, HEK293T cells were
changed to fresh medium supplemented with 250 µM 4EGI-1 (Cal-
biochem), 30 nM rapamycin (Sigma-Aldrich), or DMSO vehicle
during 7 h. HeLa cells were treated, 2 h after transfection, with
100 µM 4EGI-1 and 16 h after cells were further treated with 150
µM 4EGI-1 for 8 h more. Tomimic hypoxia, 17 h post-transfection,
HEK293T cells were treated with 200 µMCoCl2 (Sigma-Aldrich), or
vehicle (H2O), during 24 h.

Transfection of HEK293T cells with short interfering RNA
(siRNA) was performed using Lipofectamine 2000 (Invitrogen), ac-
cording to manufacturer’s instructions, in 35-mm plates. For that,
HEK293T cells were cotransfected with 200 ng of the dicistronic
pR_F, pR_HBB_F, or pR_EMCV_F constructs and 100 pmol of
FLuc (5′-GGACGAGGACGAGCACUUC-AA-3′), RLuc (5′-GCU
GCAAGCAAAUGAACGU-AA-3′), or control green fluorescent
protein (GFP) (5′-GGCUACGUCCAGGAGCGCAC-AA-3′) siRNA
oligonucleotides (Thermo Scientific). Twenty hours later, cells
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were harvested and luciferase activities and total protein content
were measured.

In vitro transcription and RNA transfection

p_F, pHBB_F, pmTOR_F, pcMYC_F, and pEMCV_F plasmids were
linearized with ClaI downstream from the FLuc ORF, in vitro tran-
scribed with HiScribe T7 Quick High Yield RNA Synthesis Kit
(NEB), capped using the 3′-O-Me-m7G(5′)ppp(5′)G RNA Cap
Structure Analog (NEB) or the G(5′)ppp(5′)A RNA Cap Structure
Analog (NEB), and polyadenylated with E. coli poly(A) polymerase
(NEB), according to manufacturer’s instructions. RNA samples
were treated with Turbo DNase (Ambion) and purified by phenol:
chloroform extraction. Transcript quality was analyzed by denatur-
ing formaldehyde–agarose gel electrophoresis. HEK293T cells
were cotransfected with 3.75 µg of each RNA along with 500 ng of
pSV-β-Galactosidase control vector, using Lipofectamine 2000
(Invitrogen), and luciferase and β-gal activities were assayed 4 h
post-transfection.

RNA isolation

Total RNA from transfected cells was prepared using Nucleospin
RNA extraction II (Macherey-Nagel) followed by treatment with
RNase-free DNase I (Ambion) and purification by phenol:chloro-
form extraction.

Reverse transcription-PCR and splicing prediction

First-strand cDNA synthesis from 1 µg of total RNA was carried
out using SuperScript II Reverse Transcriptase (Life Technologies)
and oligod(T) primer, according to the manufacturer’s standard
protocol. cDNAs were PCR amplified using primers #55 and
#56 (Supplemental Table S1) for fragment I, or #57 and #58
(Supplemental Table S1) for fragment II.
Computer-assisted analysis for prediction of potential splice

sites was performed with SpliceView (Rogozin and Milanesi 1997)
(http://zeus2.itb.cnr.it/~webgene/wwwspliceview_ex.html) and
NNSplice (Reese et al. 1997) (http://www.fruitfly.org/seq_tools/
splice.html) programs.

Luciferase and β-galactosidase assays

Lysis was performed in all cell lines with Passive Lysis Buffer
(Promega) and then cells were subjected to a freeze–thaw cycle at
−80°C to 37°C and centrifuged at maximum speed for 5 min. The
cell lysates were used to determine luciferase and β-gal activities
with the Dual-Luciferase Reporter Assay System (Promega) and
Beta-Glo Assay System (Promega), respectively, using the Lucy 2
(Anthos Labtec) or GloMax 96 Microplate (Promega) luminome-
ters, according to the manufacturer’s standard protocol. When indi-
cated, total protein content was determined with the Pierce 660 nm
Assay Kit (Thermo Scientific) using NanoDrop 2000 (Thermo
Scientific). The luciferase values are presented as the units of FLuc
or RLuc after being normalized to β-gal or, alternatively, per µg of to-
tal protein. Each value was derived from at least three independent
experiments.

Coimmunoprecipitation

HeLa cells were transfected with 100 ng of HBB 5′UTR or mTOR
5′UTR plasmid constructs and treated, 2 h later, with 100 µM
4EGI-1 (Calbiochem). After 16 h, cells were further treated with
150 µM 4EGI-1 (Calbiochem) for 8 h more. In parallel, a set of
transfected HeLa cells was treated with DMSO vehicle. Cells were
washed in cold PBS on ice and lysed with 150 µL of lysis buffer
(50 mM Tris–HCl pH 7.5, 10 mMMgCl2, 100 mMNaCl, 10% glyc-
erol, 1% [v/v] Nonidet P-40 and protease inhibitor mixture [Sigma-
Aldrich]). Lysates were cleared by centrifugation at 5000 rpm for 10
min at 4°C. A 20 µL aliquot of total lysate (Pre-IP) was used for
Western blot analysis. The remaining lysate was incubated with 2
µg of eIF4E antibody (Santa Cruz Biotechnology), at 4°C. One
hour later, samples were incubated with Protein G-agarose beads
(Roche) at 4°C overnight. The complexes were washed three times
with wash buffer (50 mM Tris–HCl pH 7.5, 10 mM MgCl2, 100
mM NaCl, 10% glycerol, 1% [v/v] Nonidet P-40). After complete
removal of wash buffer, 25 µL of 2× Laemmli sample buffer (Bio-
Rad) was added and the samples were boiled for 10 min at 95°C.

SDS-PAGE and Western blot

Protein lysates were resolved, according to standard protocols, in
15%, 12%, 10%, or 8% SDS-PAGE and transferred to PVDF mem-
branes (Bio-Rad). Membranes were probed using rabbit polyclonal
anti-mTOR (Sigma) at 1:1500 dilution, or monoclonal anti-mTOR
(Cell Signalling) at 1:1000 dilution, mouse monoclonal anti-HIF1α
(BD Biosciences) at 1:750 dilution, rabbit monoclonal anti-PARP
(Cell Signalling) at 1:750 dilution, rabbit monoclonal anti-
Phospho-p70 S6 Kinase (Thr389) (Cell Signalling) at 1:1000 dilu-
tion, rabbit monoclonal anti-p70 S6K (Cell Signalling) at 1:750 dilu-
tion, rabbit polyclonal anti-Phospho-eIF2α (Ser52) (Invitrogen) at
1:750 dilution, rabbit polyclonal anti-eIF2α (Cell Signalling) at
1:500 dilution, rabbit polyclonal anti-eIF4G (Cell Signalling) at
1:1000 dilution, rabbit polyclonal anti-eIF4E (Abcam) at 1:2500
dilution, rabbit polyclonal anti-c-myc (Santa Cruz Biotechnology)
at 1:250 dilution, mouse monoclonal anti-Flag M2 (Sigma-
Aldrich) at 1:4000 dilution, mouse monoclonal anti-cyclin D1
(BD Biosciences) at a 1:1000 dilution, rabbit polyclonal anti-phos-
pho-4E-BP (Santa Cruz Biotechnology) at 1:300 dilution, mouse
monoclonal anti-α-tubulin (Sigma-Aldrich) at 1:10,000 dilution,
mouse monoclonal anti β-actin (Sigma-Aldrich) at 1:2000 dilution
or mouse monoclonal anti-PCNA (Calbiochem) at 1:1000 dilution.
Detection was carried out using secondary peroxidase-conjugated
anti-mouse IgG (Bio-Rad), anti-rabbit IgG (Bio-Rad), or anti-goat
(Santa Cruz Biotechnology) antibodies followed by enhanced
chemiluminescence (ECL).

RNA structure determination

The secondary structure of the mTOR 5′UTR was probed using
dimethyl sulphate (DMS), N-cyclohexyl-N′-[N-methylmorpholi-
noethyl]-carbodiimid-4-toluenesulfonate (CMCT) and RNase V1
and analyzed by reverse extension as described previously (Jang
et al. 1988; Candeias et al. 2006; Moerke et al. 2007). RNA (2
pmol) was resuspended in 20 µL of a buffer containing 20 mM
Tris, 100 mM K acetate, 200 mM KCl, 2.5 mM MgCl2, and 1 mM
dithiothreitol (DTT) (pH 7.5) (DMS), 20 mM Tris, 5 mM MgCl2,
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and 100mMKCl (pH 7.5) (V1), or 50mMborate–NaOHand 1mM
EDTA (pH 8.0) (CMCT), denatured for 1min at 95°C and cooled on
ice. DMS (0.395M), CMCT (2, 4, or 10mg/mL), or RNase V1 (0.01,
0.02, or 0.05U)was added, and themixturewas incubated for 1, 5, or
10min (DMS), 20min (CMCT), or 5min (RNaseV1). Themodified
RNA was then immediately ethanol precipitated on dry ice in the
presence of 0.3 M ammonium acetate, washed with 70% ethanol,
and resuspended in 8 µL of water. Modifications were revealed by re-
verse transcriptase using 32P-labeled primer and avian myeloblasto-
sis virus reverse transcriptase (Promega). The products were resolved
on a 7Murea 6%polyacrylamide gel and revealed using a fluorescent
screen and a Typhoon FLA7000 (GEHealthcare). Datawere then in-
terpreted and analyzed using the softwareMFold (Zuker 2003) (http
://mfold.rna.albany.edu).

Filter binding assays

The filter binding assays were performed as described before with-
out modification (Willcocks et al. 2011). Control RNA encoding
the CSFV IRES (1-427; Paderborn strain) was generated by standard
molecular cloning using a bicistronic plasmid containing the CSFV
IRES as previously described (Othman et al. 2014). Briefly, CSFV
IRES, and mTOR and HBB 5′UTR RNAs were transcribed in vitro
in the presence of α-32P-UTP (3000mCi/mmol). The 40S ribosomal
subunits were prepared following previously established procedures
from HeLa cells (Pisarev et al. 2007). Radiolabeled RNA (50 fmol)
was incubated with serial dilutions of a 40S subunit in binding buff-
er (20 mM Tris [pH 7.6], 100 mM KCl, 2 mM DTT, 2 mMMgCl2)
and incubated at 37°C for 15 min before performing filter binding
assays. Bound RNA was quantified using a Typhoon FLA7000 (GE
Healthcare). To determine the apparent dissociation constant
(Kd), the data were fitted to a Langmuir isotherm described by the
equation θ = P/(P + Kd), where θ is the fraction of RNA bound
and P is the 40S subunit concentration. Reported values are the av-
erage of results from three repetitions with standard errors. All cal-
culations were performed with GraphPad Prism 7.

Cell-cycle analyses

For FACS analysis, A549 cells were transfected with 2 µg of theHBB
5′UTR, mTOR 5′UTR, or empty vector and submitted to serum
starvation for 30 h, to arrest cells in G0/G1. Serum and 250 µM
4EGI-1 or DMSOwere added 18 and 12 h before harvest, respective-
ly. Cells were then fixed with ice-cold 70% ethanol. After 30 min in-
cubation with RNase at 37°C, cells were stained with 50 mg/mL
propidium iodide (Sigma-Aldrich), and cell-cycle distribution was
analyzed using FACSAria II flow cytometer (BD Biosciences) and
FlowJo Software.

For single-cell analysis using fucci, A549 cells stably expressing
fucci constructs (gift from Michiyuki Matsuda) were transfected
with 2 µg of the HBB 5′UTR, mTOR 5′UTR, or the empty vector
and submitted to serum starvation for 30 h, to arrest cells in G0/
G1. Serum and 250 µM 4EGI-1 or DMSO were added 4 and 0 h be-
fore imaging, respectively. Imaging was initiated after 4EGI-1 addi-
tion using a computer-assisted incubator fluorescence microscope
(Olympus, LCV100) equipped with an objective lens (Olympus,
UAPO 403/340 N.A. = 0.90), a halogen lamp, a red LED (620
nm), a CCD camera (Olympus, DP30), differential interference
contrast (DIC) optical components, and interference filters. For

fluorescence imaging, the halogen lamp was used with two filter cu-
bes, one with excitation (BP520-540HQ) and emission (BP555-
600HQ) filters for observing mKO2 fluorescence, and the other
with excitation (470DF35) and emission (510WB40) filters for ob-
serving mAG fluorescence. For DIC imaging, the red LED was
used with a filter cube containing an analyzer. Image acquisition
and analysis were performed by using MetaMorph 6.13 software
(Universal Imaging, Media, PA).

Statistical analyses

Data are presented as mean ± SD of at least three independent ex-
periments. Test F was used for evaluation of variances equality.
Student’s two-tailed t-test was used for estimation of statistical sig-
nificance. Significance for statistical analysis was defined as P < 0.05.
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